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Mission Design and Navigation (MDNav) is an intensive process requiring advanced computational resources,
expert human intuition, and many successive human-in-the-loop iterations to converge on acceptable trajec-
tory designs or navigation solutions. The current bottleneck in MDNav is not the underlying computational
algorithms but the human cognitive capacity to prune through a multitude of simulated results to select
high-value candidates. One approach to alleviate this burden is through the judicious application of visual-
izations that allow humans to interactively filter data in multiple dimensions to reveal salient patterns and
highlight divergences. When designed efficiently, such interactive visualizations should aid human operators
to get familiar with data faster, visually observe correlations, and communicate findings more effortlessly.
In this work, we present three visualization case studies that have the potential to increase human operator
efficiency in MDNav. While identifying the most critical “pain points” that operators face, and also working
on potential solutions, we followed a human-centered design approach. We started with a series of interviews
with potential users, and then rapidly created prototypes for alternative solutions, validated outcomes with
feedback from users through out development of these proof of concept visualizations. With this survey
of our current efforts, we demonstrate the transformative capability of interactive data visualizations for
improving mission development and operations, enabling operators to grow intuition, and communicating
key concepts across diverse mission teams.

I. INTRODUCTION of information. From initial feasibility studies to in-

flight operations, operators are constantly engaged

Mission design and navigation (MDNav) is a com- with producing, curating, analyzing, and communi-
putationally intensive field incorporating a variety of —cating large amounts of data, both simulated and
modeling and simulation techniques as well as sources ~from real-world measurements. The current constric-
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tion within MDNav is not computational power, how-
ever, but the analytic abilities of the human-in-the-
loop analysts tasked with understanding and effec-
tively utilizing this data to inform mission develop-
ment and the continued operation of on-orbit assets.
Thus, any steps taken to improve human efficiency
and reduce the time-to-insight can have a dispropor-
tionate impact on project success. Though there are
many avenues to increase operator capability, in this
investigation we focus on the implementation of in-
teractive visual environments for rapid iteration of
simulations and intuitive processing of complex data
sets.

While representing astrodynamic data in visual
format has a long and storied history extending prior
to the beginning of the Space Age, only compara-
tively recently have computer speed and graphical
capabilities advanced to the point that human-in-the-
loop, real time interaction is quick enough for every
day use. Initial concept studies of immersive visual-
izations were conducted in the 2000’s,2 though most
development to date has focused on desktop (i.e.,
flat screen) use cases. For example, Systems Tool
Kit (STK),? FreeFlyer,* the General Mission Analysis
Tool (GMAT),® and Copernicus” offer extensive de-
sign and operations capabilities but are primarily list
and menu driven in their interaction. Cosmographia
offers a more integrated experience visual but relies
on user-supplied SPICE trajectory files to operate.’
On the other end of the scale, the Monte library is al-
most entirely script and command line driven but of-
fers extensive ability to conduct customized astrody-
namic analysis and has a visualization suite (SparQ)
that is relatively easy for users to extend.?

In more recent years, concerted efforts have been
made to apply elements of visual analytics to the pro-
cess of trajectory design, particularly within the con-
text of multibody dynamics. Schlei and others have
applied interactive Poincaré maps as well as dynamic
clipping of trajectory segments to create end-to-end
initial guesses for orbit transfers.'® 12 Likewise, in-
teractive catalogs of periodic and quasi-periodic or-
bits have been created that enable users to browse
through an interactive visual environment to analyze
potential mission orbits.!®* Extensions of Poincaré
mapping techniques have also pushed interactivity
into multi-dimensional spaces.'® 16 Relatively fewer
efforts have been made outside of direct trajectory
design applications, however the Europa Clipper mis-
sion has recently applied visual techniques to assess
how well mission requirements are met during de-
sign iterations.!” Attempts have also been made to
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provide more interaction when visualizing large data
sets, for example space debris and small solar sys-
tem bodies.!® Outside of astrodynamics, an exten-
sive literature on trajectory visualization, data repre-
sentation, and human-computer interfaces may pro-
vide relevant techniques for MDNav analysis; relevant
examples for spacecraft trajectories include visual-
izations of complex aeronautic'® and ground-based?°
paths.

In this investigation, MDNav specialists have part-
nered with design experts to assess the potential for
interactive visualization across the breadth of mission
design and navigation. While traditional trajectory
analysis challenges will be addressed, our goal is to
widen the scope of visualization to areas that have
seen comparatively limited development and address
the most critical “paint points” of the MDNav work
flow. In particular, we seek to create a multi-mission
library of visualization suites targeted toward spe-
cific types of analyses; rather than an “all-in-one” in-
terface, we wish to give mission teams the flexibility
to define their own custom environments as needed
for their specific mission analysis. We begin by dis-
cussing the full scope of MDNav within the life cycle
of a space mission, then discuss relevant details of
interactivity and the rapid prototyping development
model integrated into our effort. Three case studies,
with prototyped solutions, are presented in mission
design, Monte Carlo analysis, and orbit determina-
tion and initial observations and lessons learned are
discussed.

II. MissioN LiFE CYCLES

The different phases of a spaceflight mission?! en-

tail a wide variety of MDNav tasks ranging in com-
plexity, computational needs, dynamical fidelity, and
work flow. Each broadly defined task category re-
quires the use of specialized analysis tools; when feasi-
ble, generalized computational libraries may be used
to provide a common backbone, but unique enhance-
ments are almost always required for deep space mis-
sions. Similarly, a spectrum of visualization tech-
niques are available for human users to interact with
simulation software and interpret results, with some
elements being common to multiple tasks. In Ta-
ble 1, we provide an initial assessment of the scope
for visualization within MDNav with an eye toward
identifying key areas of focus for the development of
interactive visual analysis environments. In the table,
check marks (v') with green backgrounds are used to
designate intersections where a particular task clearly
requires or is greatly enhanced by a specific visual-
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Table 1: Mission life cycle phases, analysis tasks, and visualization needs

Mission phases
Concept Formulation Implementation Operations
Interactive (Phases Pre-A-B) (Phases C-D) (Phases E-F)
Visualization Guess & Broad Targeting & | Statistical Orbit Maneuver | Sequencing &
Needs Check Search Optimization | Analyses | Determination | Planning Verification
Trajectory Viewer v ~ v ~ ~ ~ v
Inputs & Models ~ v ~ v v ~ ‘ ~
Timeline Viewer ~ ~ v ~ v v v
Astrodynamic Plots v ~ ~ ~ v v v
Data Clouds v v ~ ~
Constraints v ~ v ~ ~ ~
Tterations v v v v
Raw Images v ~

ization capability; the “approximately” symbol (~)
indicates an area where a visualization could poten-
tially be helpful or may only occasionally be needed.
The task categories indicated by grey backgrounds
(Guess & Check, Statistical Analyses, and Orbit De-
termination) are the motivating cases for the current
investigation.

In this investigation, we define the various MDNav
tasks across a project life cycle as follows:

e Physical Feasibility - initial operating principals
are established and concept verified to not vio-
late known physical laws (not shown in table)

o Guess & Check™ - initial trade space exploration
looking for feasible options of any level of quality;
heavily influenced by human intuition

e Broad Search - systematic survey across signif-
icant portion of the trade space; often a mas-
sively parallel search for global optimum via ma-
chine learning or combinatorial optimization al-
gorithms

e Targeting € Optimization - localized conver-
gence and optimization of a single baseline tra-
jectory satisfying all mission constraints

o Statistical Analyses - assess robustness of base-
line solution to disturbances and errors, includ-
ing AV / propellant budgeting, planetary pro-
tection, and upset recovery; usually Monte Carlo
simulations, though other uncertainty quantifi-
cation techniques can be used

e Orbit Determination - collect measurements (in-
cluding optical navigation), filter into updated

*Also known as the Terrestrially Regulated Iterative Algo-
rithm for Learning and Estimation of Realistically Recogniz-
able Operative Representations (TRIAL&ERROR)??
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estimates of spacecraft state, maneuver execu-
tion, environment, etc.

e Maneuver Planning - design of deterministic and
statistical maneuvers for execution by the space-
craft; for orbit maintenance and/or targeting fu-
ture events (e.g., flybys)

e Sequencing & Verification - translation of ma-
neuvers and observations into command se-
quences for on-board execution; checks against
desired behavior and known limitations

Note that Physical Feasibility is not included in the
table or in our subsequent discussion because this
stage is does not (usually) require numerical simu-
lations and so computer-based visualization is irrele-
vant. In general, analysis tasks progress from initial
searches for trajectory solutions to detailed optimiza-
tion and refinement to in-flight navigation, though
back-and-forth iteration is common over a mission
life cycle and the overlap between work assignments
and analysis techniques is often significant. Once a
spacecraft is in flight, the three Operations tasks are
iterated in relatively rapid succession for the remain-
der of the mission lifetime; in the case of extended
missions, elements of the “pre-launch” tasks are of-
ten conducted again to reach new celestial targets or
science orbits.

We also identify several areas for visualization
within the context of MDNav:

e Trajectory Viewer - three-dimensional or pro-
jected views of the spacecraft trajectory, po-
tentially overlaid with additional indicators for
accessory information (e.g., markers for control
points, view cones for instruments)

o Inputs & Models - structured representation of
inputs to simulation and models used, particu-

Page 3 of 17



69th International Astronautical Congress, Bremen, Germany. Copyright (©) 2018 by California Institute of Technology.
Government sponsorship acknowledged. All rights reserved.

larly useful if multiple cases can be compared /
considered simultaneously

e Timeline Viewer - graphical indication of se-
quence of events with overlaid information like
maneuvers, flybys, tracking intervals, ground
analysis, etc.

o Astrodynamic Plots - interactive versions of com-
monly used plots in mission design and naviga-
tion (e.g., B-plane targeting, measurement resid-
uals, time histories, coverage plots)

e Data Clouds - visualization of large sets of phys-
ical and/or abstract data, including state uncer-
tainties and other statistical phenomena; com-
mon techniques are scatter plots, volume ren-
dering, and histograms

o (Constraints - visual indication of constraint vi-
olations and/or satisfaction of mission require-
ments

e [terations - automatic tracking and quick recall
of design iterations / steps in numerical correc-
tions process; intuitive summarization of “near-
ness” of solutions across sequence

e Raw Images - processing and analysis of raw
images from on-board cameras, used for optical
navigation

While we have detailed each visualization separately,
there is clearly room for overlap and combination be-
tween many of these needs. Indeed, our chief goal
is to explore links between these visualization ap-
proaches and find effective ways to integrate them
into a larger interactive analysis environment. For
example, Constraints violations could be viewed in a
stand-alone figure but they can also be highlighted
within a Trajectory Viewer or Timeline Viewer; like-
wise, by linking visualizations of Iterations and Con-
straints, a user could rapidly identify any trouble
spots during the course of an optimization run. A rel-
evant example from the literature is Schlei’s linking
of Poincaré maps (an instance of Data Cloud scatter
plot visualization) to a Trajectory Viewer that en-
ables a user to rapidly piece together orbit segments
into an end-to-end trajectory.'9 12

III. INTERACTIVE VISUALIZATION METHODOLOGY

1
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II1.i Interactive Data Visualizations

Data visualizations refer to graphical representa-
tions that map data dimensions to various visual at-
tributes such as location, color, size and shape. While
this mapping is more straightforward for spatial data
sets representing a physical entity, such as a trajec-
tory, the mapping from non-spatial data dimensions
to visual attributes requires careful design considera-
tions.

The goal of visualization is to amplify human cog-
nition,?? thus effective visualization designs take into
account how human-perceptual system processes vi-
sual signals, how these signals are interpreted to for-
mulate insights, as well as what questions are valuable
to answer about data. Visualizations work by reveal-
ing similarity relationships between data points or
data categories in terms of visual attribute similari-
ties. By recognizing shared properties between data
points or groups, users can gain insights about pat-
terns and correlations hidden in the data, as well as
identify outliers.

There are a plethora of visualization techniques
ranging from simple scatter plots and bar charts, to
more complex visualizations like adjacency matrices
and parallel coordinates.?* Each visualization tech-
nique has strengths that emphasize certain properties
in the data. For instance, if the user is interested in
understanding the distribution of data on two spe-
cific dimensions, a scatter plot would be ideal, which
places data points that are similar in value, closer
in screen coordinates. If the user wants to under-
stand the distribution of data on many dimensions
at the same time, a parallel coordinates visualization
would be more appropriate. Hence, picking the right
visualization technique for the right job requires un-
derstanding how users reason about their data sets.

II1.ii Interaction

The real power of data visualizations emanates
from the interactions that allow users to formulate
and refine visual queries as they gain new insights
from the data. The interactions either allow users
to modify how visual attributes are mapped, or sim-
ply support data operations like filtering and sorting.
One of the key concepts in information visualization
is called Multiple Coordinated Views where users can
view different dimensions of data visualized in differ-
ent representations side by side. The coordination
happens when the user selects a group of data points
on one display, automatically they are highlighted on
others. This helps users to formulate insights like,
“data points that are similar in attribute x, are also
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similar in their attribute y”.

As users observe trends and identify anomalies in
the data, they constantly gain new insights, and re-
formulate their data queries. This continuous filter-
ing, sorting and immediate visual feedback paradigm
afforded by interactive visualizations allows users to
focus on data without the interruption of going back
to a script or data analysis tool to formally type a
new query for each possible data representation.

I11.iii Human-Centered Design Approach

Many data sets that users have to make sense of
are very high dimensional and structurally rich. For
instance, users might need to make sense of multi-
ple time-series spatial data in the context of a static
model described as a hierarchy of non-spatial at-
tributes, as in the Orbit Determination case discussed
below.

Since data sets are rich, and ways to visualize
them are endless, designing effective visualizations re-
quires understanding how users, who are experts of
one domain, reason about their data, what types of
questions they need to answer, and in what order.
Overcoming this challenge requires collaboration be-
tween visualization design experts and domain ex-
perts. Human-centered design provides techniques
and processes to guide the collaboration between de-
signers of visualization tools and domain experts.

While there are many different techniques and ap-
proaches that can be employed, the process of human-
centered design can be summarized as focusing on
users early in the exploration process, synthesizing in-
put from users into actionable insights, turning ideas
quickly into tangible prototypes, and iterating over
designs with users in the loop.

In the case studies described below, we followed a
human-centered design approach, starting with open-
ended interviews to identify possible application ar-
eas where interactive visualizations can aid domain
experts in MDNav. Note that not every analysis task
requires human attention. On the contrary, the ma-
jority of data analysis tasks are trivial and quickly
automated. However, in certain areas, humans still
need to review alternative solutions, interpret out-
comes with expertise, and pick options with intuition.
Later, we continued with more focused interviews in
selected problem areas. Next, we developed proto-
types and iterated over design alternatives with feed-
back from designated domain experts. When possi-
ble we conducted focus group studies, showcasing the
prototypes, to gather feedback from larger groups of
experts.
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IV. INTERACTIVE VISUALIZATION CASE STUDIES

In this initial investigation, we have identified key
“pain points” related to Guess & Check, Statistical
Analyses, and Orbit Determination and seek to ad-
dress them as follows:

o Guess € Check - we approach initial design chal-
lenges in interplanetary transfers and spacecraft
formation design by integrating Trajectory View-
ers, Constraints, Iterations, and Astrodynamic

Plots

e Statistical Analyses - we parse a large set of out-
puts from a electric propulsion missed thrust
Monte Carlo analysis by creating interlinked
Data Cloud and Timeline Viewer windows

e Orbit Determination - we connect an interactive
Inputs € Models tree with Astrodynamic Plots
to intuitively compare multiple navigation cases

In all cases, our goal is to provide experienced oper-
ators with visual environments that greatly increase
their efficiency and speed at completing specific tasks
within an MDNav work flow. However, the proto-
type tools developed have also proven to be excellent
tools for communicating key concepts and challenges
within team settings, particularly when non-MDNav
experts are present.

IV.i Trajectory Design in 2D and 3D

Our first goal is to develop visual environments
suitable for the rapid design of feasible trajectories
in preliminary concept studies or refinement of exist-
ing baseline trajectories as mission requirements are
defined. Along these lines, we have created: 1) a
prototype VR tool for interacting with and altering
a patched conic interplanetary trajectory; and, 2) an
extension of the Monte/SparQ software suite that en-
ables rapid manipulation of the relative orbits form-
ing a space-based interferometric observatory. These
test cases highlight ways in which Trajectory View-
ers, Constraints, Iterations, and Astrodynamic Plots
can be interlinked to enable rapid exploration of a
complex trajectory design trade space.

Beginning with the interplanetary VR, we seek to
provide a trajectory analyst an immersive experience
where a trajectory can be viewed and directly manip-
ulated in all three spatial dimensions. Figure 1 is a
snapshot of this VR package, nicknamed “Slingshot”,
developed using HTC Vive hardware and Unity soft-
ware?® and highlighting key features, including the
HTC control wand interacting with one of the tra-
jectory control points. As the user moves the con-
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Estimated new design

Baselihe design

AV vectors

N

12

"Grabbing” a control point

Fig. 1: Virtual reality view of interplanetary transfer, moving control points in 3D automatically updates

patched conic trajectory (HTC Vive / Unity)

trol point in 3D space, Lambert arcs?® connecting

the nodes are automatically computed and displayed
to the user as grey segments previewing the updated
trajectory; when the user releases control of the point,
the trajectory is updated to the new design. In addi-
tion to illustrating the path of the spacecraft within
the solar system, Slingshot highlights the AV vectors
associated with maneuvers performed at the control
points, giving the user an intuitive sense of changes
in propellant cost and thrusting direction. The seam-
less connection of 3D view and 3D manipulation cap-
tures the true spatial extent of the trajectory in ways
that are difficult if not impossible using typical com-
puter monitors and peripherals. The grid in the back-
ground simultaneously acts as a measure of distance
(much like graph paper or a grid on a plot) and
serves to mark the floor of the physical room, al-
leviating disorientation while the user is within the
VR scene. The controller can also toggle an anima-
tion of the spacecraft following the current trajectory
design, with accessory information like epoch and dis-
tance from the sun displayed within easy view of the

TAC-18 TAC-18,C1,8,12,x45307

user. This immersive VR environment, while pow-
erful for an individual user, also promises to be es-
pecially beneficial in concurrent engineering sessions
when a diverse team of experts can query the space-
craft trajectory for their own specialized needs (e.g.,
solar power, thermal, radiation, telecommunications)
and offer real-time feedback to the MDNav expert.

Building upon the VR example, we have also cre-
ated a prototype augmented reality demonstration
for the Europa Clipper mission using the Microsoft
Hololens, shown in Fig. 2. To highlight the effective-
ness of the human-centered design approach, we note
that key features of this visualization were driven
by user feedback, for example the Clipper mission
need for a more collaborative implementation than
the single-user VR suite. Likewise, the Clipper team
has a mature set of design and navigation software
but is currently working to demonstrate that mission
requirements are being met by the trajectory design.
This AR prototype enables the user to quickly move
between different phases of the Europa flyby cam-
paign, illustrating the resulting surface coverage for
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Fig. 2: Augmented reality view of Europa with Europa Clipper flyby trajectories and instrument coverage

maps (Microsoft Hololens)

different instruments to groups of team members or
reviewers. Likewise, additional features like key di-
rection arrows and labels were incorporated based on
user feedback and the rapid iteration cycle.

As another example of visually interactive trajec-
tory design, we create a custom extension of the
Monte astrodynamic computation library using the
SparQ astrodynamic visualization suite®? as well as
PyQt.2” As a test case, we use the design of the
relative orbits of a formation flying cluster of space-
craft composing a radio interferometer.?® We imple-
ment as design variables both the classic Clohessy-
Wiltshire (CW) equations?® as well as more re-
cent mathematical formulations based upon linear
combinations of invariant flow structures;?®3% note
that, for the circular orbit case considered here, the
two sets of variables are mathematically equivalent,
though they do provide different insights into the
overall design problem.3! A portion of the design en-
vironment, dubbed “KelvinBall”, showing automati-
cally updating views of the relative trajectories and
PyQt widgets for design of the relative orbits is shown
in Fig. 3. Completing the work space are three mat-
plotlib windows,33 displayed in Fig. 4, showing the
absolute magnitude of the spacecraft/spacecraft sep-
arations, a 3D view of the interferometric baselines
formed by each pair of spacecraft, and a plot de-
tailed how the interferometric requirements are met
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across time. The visual environment links all these
front-end displays to an interactive Monte session as a
back-end computational engine such that updates are
simulated on the fly without requiring explicit action
from the user, i.e., there is no “recompute” button,
though the Monte command line remains available
for further flexibility.

Each element of KelvinBall plays a key role within
the formation analysis work flow and highlights de-
sirable features for user interactivity. Beginning with
the portions in Fig. 3, the SparQ window enables
quick switching of the frame and central body for the
trajectory views, as well as a time slider setting the
current epoch and defining the timespan of the anal-
ysis. Phasing angle control dials for all six spacecraft
are presented in the main design panel (built using
PyQt widgets), and push buttons for each spacecraft
pop-up and additional design panel with controls for
the remaining CW parameters; when one of these
dials is adjusted, the new design values are fed to
the Monte back-end and the trajectories are auto-
matically recomputed. The design parameters are
grouped in this way because the phasing angles are
the most likely to be adjusted and often need to be
adjusted for individual spacecraft in rapid succession;
in contrast, the remaining parameters more rarely
used, but when comprehensive trajectory changes are
required, all parameters are needed simultaneously.
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Also in the primary panel are check boxes to selec-
tively suppress an individual spacecraft, a useful fea-
ture for contingency and resiliency assessments. Be-
hind the pop-up panel in Fig. 3 is a set of buttons
and a slider for saving and recalling designs during
iteration; this feature enables the operator to explore
freely without fear of losing a high-quality solution.

Turning now to the elements in Fig. 4, the three
accessory plots are automatically updated as the for-
mation design is changed via the PyQt widgets. In
Fig. 4(a), the separations between individual space-
craft pairs are charted as dashed lines alternating
the corresponding colors in the trajectory views in
Fig. 3; the orange highlights on the top and bot-
tom emphasize the closest approaches and furthest
recessions for the formation as a whole. The instan-
taneous spacecraft/spacecraft baselines forming the
observatory are presented in a 3D plot, Fig. 4(b),
allowing the user to rotate and view the interferom-
eter from any vantage point and therefore assess the
performance relative to a variety of targets. Finally,
time histories of the interferometric performance are
shown in Fig. 4(c), where the plot shows how the
mission requirements are met over the course of one
orbit. Each line represents a different phase within
the multi-month mission, with corresponding sum-
mary boxes at the top of the figure. The summary
boxes give the percentage of the orbit that mission re-
quirements are met and the background color changes
to give the user a quick and intuitive sense of the
performance (green is good, yellow is marginal, and
red is unsatisfactory).! The left and right subfigures
also have vertical dashed lines indicating the current
epoch, linked to the epoch slider in the SparQ win-
dow. This allows the user to quickly identify and
move to epochs of interest, honing in on trouble spots
and quickly resolving formation design issues. While
rigorous studies have yet to be conducted, anecdotal
use of KelvinBall has demonstrated orders of magni-
tude increases in operator efficiency over command
line runs generating static plots; design alterations
that used to take hours at a minimum can now be
conducted in a matter of minutes.

In addition to the formation design environment,
we have also branched off the AR development for Eu-
ropa Clipper to create a Hololens visualization, seen
in Fig. 5, of the formation flying interferomenter. Our
goal with this visual prototype is to interactively illus-
trate how the relative motion of the spacecraft forms

TWe have intentionally degraded the formation design to
highlight this feature of KelvinBall; the true baseline design
meets mission requirements across all phases.
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the baselines of the interferometer and thus satisfies
the mission requirements over time. In the snapshot
taken, the full 3D baselines between each spacecraft
pair are being formed prior to being projected onto
the 2D interferometer plane. The interactive environ-
ment also permits a user to isolate the baselines ema-
nating from a single spacecraft out toward the rest of
the formation, enabling rapid assessment of the rel-
ative contribution of each spacecraft. The AR envi-
ronment also enables multiple members of the mission
and science team to work together within the same
scene, quickly proposing and testing hypotheses re-
lated to the interferometer performance. As with the
rest of the design prototypes, this AR demonstration
greatly eases the burden of communication across the
team and significantly reduces the time to insight.

IV.ii Monte Carlo Analysis of Missed Thrust

Our second MDNav task, Statistical Analyses, is a
critical part of mission development and safety, from
developing margined propellant budgets to ensuring
planetary protection requirements are met. As a mo-
tivating example, we consider missed thrust analysis
for an Earth-Mars transfer enabled by a low-thrust
solar electric propulsion system.?? Since the space-
craft is thrusting nearly continuously, any unexpected
engine outage (e.g., safe mode) can significantly im-
pact the transfer duration and propellant cost. Thus,
a Monte Carlo analysis is conducted wherein stochas-
tic outages are enforced upon a baseline trajectory,
prompting a re-optimization of the interplanetary
transfer; note that multiple missed thrust intervals
can occur per mission. In this investigation, 2000
Monte Carlo cases are run to provide a representa-
tive sampling of potential operational profiles.

To enable mission designers to interrogate the re-
sulting collection of disparate solutions, we prototype
a web-based work space built using D3.js3® and com-
bining scatter plots, histograms, and timeline view-
ers, as illustrated in Figs. 6 and 7. All panes within
the environment are dynamically linked together, as
showcased in the upper left of Fig. 6: the grey re-
gion in the upper left scatter plot corresponds to the
zoomed area in the middle scatter. Both scatters
plot arrival delay in days along the z-axis and ad-
ditional propellant consumed in the y-axis, and the
colors of the dots indicate the number of outages for
that Monte Carlo run. Also in the middle scatter,
a mouse hover on one of the individual samples pro-
vides a brief summary of that transfer, including the
lateness in arrival at Mars, the propellant margin,
and the total outage duration for the transfer. Note

Page 9 of 17



69th International Astronautical Congress, Bremen, Germany. Copyright (©) 2018 by California Institute of Technology.
Government sponsorship acknowledged. All rights reserved.

4

. es
Spacecraft pasel\l

=1
—
=
D
]
o
=
L
D
|

Fig. 5: Augmented reality view of space-based interferometer, showing relative spacecraft-spacecraft base-
lines (Microsoft Hololens)
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that this linked highlighting work when hovering over
any individual data point, in any of the plots. The
histograms in the upper right provide additional in-
formation about the distribution of lateness and pro-
pellant margin; the histograms are linked to the zoom
feature such that they only display information from
the center scatter. In the bottom of Fig. 6, a time-
line scatter is shown where the outages of the zoomed
sample are shown over time; the colors correspond to
the lateness caused by an individual outage and the
red circles indicate the outages of the specific sample
run highlighted in the upper center plot.

Turning to Fig. 7, we again show the timeline scat-
ter but now also include the timelines for individual
Monte Carlo cases. As before, hovering over a data
point highlights that specific sample for further inves-
tigation. Superimposed on the individual timelines
is a yellow line indicating the nominal Mars arrival
when no outages occur. As can be seen, outages near
this nominal arrival condition have the most impact
on the lateness and propellant margin consumed; out-
ages early in the mission can easily be accommodated,
but later outages have severe impacts. Included to
the right of the individual timelines is a summary
graphic providing summary information about that
run, namely the time of engine outage, the delay in
arrival, and the excess propellant consumed. In con-
trast to traditional text summaries and static plots,
this visual environment allows for rapid exploration
of the Monte Carlo output and enables the MDNav
user to quickly focus attention on the most interest-
ing regions for further analysis.

IV.iii Orbit Determination Dashboard

Our final MDNav task is the process of Orbit De-
termination for which we wish to enable an analyst
(or team of analysts) the ability to rapidly compare
different OD runs and intuitively link differences in
inputs to variations in outputs. As a motivating use
case, we simulate the operations of a fictitious Venus
orbiting spacecraft dubbed “Aphrodite”. Aphrodite
is modeled to execute impulsive chemical maneuvers
and move under the influence of Venus and solar grav-
ity as well as solar radiation pressure. Measurements
for filtering are provided solely by the Deep Space
Network, specifically radiometric range and range-
rate (Doppler).3¢ The Monte software suite®? is used
to simulate OD for several revolutions around Venus;
as is typical of an operations environment, several dif-
ferent runs are considered spanning a nominal case,
varying a priori uncertainties on spacecraft state as
well as maneuvers, data editing, treating gravita-
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tional parameters as “consider” variables in the fil-
ter, and estimating stochastic uncertainties on small
forces.

For this application, we have created the Orbit De-
termination Dashboard (OD-D) using D3.js,3® which
allows comparing multiple Inputs € Models cases in
a single tree-map3? visualization, while showcasing
differences in outputs in Astrodynamic Plots, namely
residual viewers and uncertainty ellipsoids, on more
standard plots with the addition of interactivity.
Tree-maps represent a hierarchy by recursively sub-
dividing a designated area as moving down through a
hierarchy. Figure 8 presents the top-level tree struc-
ture of the simulation inputs, with different colors
indicating specific logical groupings within the hier-
archy, as indicated by the color key. In this overview
mode, the size of the blocks represents the amount
of data contained in each branch of the tree, with
user defined scaling to emphasize blocks that are most
relevant to the mission at hand (e.g., the red “Tra-
jectory” and green “Filter” sets are provided an ad-
ditional scaling factor because these factors are the
most likely to affect the “operations” of Aphrodite).

To be able to compare multiple hierarchies, we first
create a union hierarchy structure that contains ev-
ery node in every hierarchy, with difference in values
across are stored. In the resulting tree map, differ-
ences in hue are mapped to high level nodes in the hi-
erarchy, nodes that show difference among any child
node is highlighted with orange color icons in their
bottom right corner. The visualization reveals two
level depth of hierarchy at any given time. When the
user clicks on a node, the animation scales that node
to the whole area, and the children, and grandchil-
dren of the selected node are visualized. The path
or the depth of the selected node is displayed above
the tree-map. Animation stops, when a terminal or
“leaf” node is reached, as shown in Fig. 9. At this
level, differences between the baseline and alternate
analysis cases are presented both as summary text
and, when appropriate, as plots. In this case, the
bars indicate differences in the (z,y, z)-components
of maneuver uncertainty for the first Orbit Trim Ma-
neuver (OTM). Further text provides the user addi-
tional details about the OTM and variations in the
input.

A set of prefit and postfit residual plotters as well
as spacecraft state uncertainty ellipses are also in-
cluded in OD-D, as shown in Fig. 10. Check boxes
enable the operator to quickly toggle certain cases on
and off in the plots, and interactive zoom features
allow a user to focus on areas of particular concern.
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Input BOA Comparison
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Fig. 8: Orbit Determination Dashboard comparing inputs of multiple cases and indicating differences at the
top level of the data tree (D3.js)
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of the data tree (D3.js)

Range Postfit Residual

W base mnvrApriori
0 mnvrApriori2 I gmConsider

1 dataEdits i tightState

-,

Range Prefit Residual

I base mnvrApriori
= mnvrApriori2 m gmConsider

I dataEdits I tightState

Doppler Postfit Residual

W base mnvrApriori
W mnvrApriori2 I gmConsider

™ dataEdits i tightState

a a o H

Doppler Prefit Residual

W base mnvrApriori
= mnvrApriori2 i gmConsider

1 dataEdits I tightState

|
|
I
/'\
I

Error Elipse RN

Emor Elipse RT

Fig. 10: Orbit Determination Dashboard plotting measurement residuals and uncertainty ellipses for multiple

cases (D3.js)

TAC-18 TAC-18,C1,8,12,x45307

Page 14 of 17



69th International Astronautical Congress, Bremen, Germany. Copyright (©) 2018 by California Institute of Technology.
Government sponsorship acknowledged. All rights reserved.

Colors are used to denote the outputs of different
runs. In OD-D’s unified interactive display, individ-
uals and teams of analysts can quickly assess the dif-
ference between runs, quickly formulate and check
hypotheses, and determine the best run to use for fu-
ture operations planning. Specific questions can be
handled in-meeting, without the need for follow-up
afterwards; key information about a run is stored in
a logically consistent and compact manner, alleviat-
ing human cognitive effort to mentally catalogue and
remember the differences between specific cases. This
stands in stark contrast to current practice, wherein
the outputs of multiple runs are compiled into a large
slide deck requiring tedious scrolling back-and-forth
with key distinguishing features of the runs encoded
as sometimes abbreviated and obscure text labels.

V. SUMMARY

We have completed a preliminary investigation
into visual interactivity as applied to mission design
and navigation. We have built prototype interactive
work spaces to address specific tasks within early tra-
jectory design, statistical contingency analysis, and
orbit determination. While still in the preliminary
stages of development, these initial models enable
us to elicit feedback from the target end users and
rapidly implement low-cost changes. This rapid iter-
ation during software development is a key strategy
for ultimate infusion into MDNav capabilities and ul-
timate adoption by mission operators.

Even in our initial study, several key advantages
of interactive visualizations have already become ap-
parent. First, interactivity reduces the time to dis-
covery, often up to an order of magnitude or more;
this increased performance improves the efficiency
of MDNav teams and ultimately will lead to more
comprehensive designs, more robust safety assurance,
and improved operations. Second, interactivity en-
courages low-cost, low-risk exploration when imple-
mented with the correct safeguards. Automatic or
user-initiated tracking of design iterations as well as
easy restores to a base state of analysis greatly al-
leviates the risk of losing valuable designs or key in-
sights. Finally, visual environments benefit from a fo-
cus in scope: while visualization libraries or platforms
can be comprehensive, specific applications should
address specific tasks as efficiently as possible for
the user. This library or “building block” paradigm
enables a wide variety of missions to make use of
the same fundamental analysis tools while enabling
the customization needed for deep space exploration.
This approach also helps to reduce clutter in the vi-
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sual environment: if a particular mission doesn’t need
a certain visualization or widget, said object should
be hidden from the main analysis work space. In
general, mission teams should be able to customize
the environment to suit their specific needs, elevat-
ing and suppressing certain features as desired. Soft-
ware development should be scoped appropriately to
enable this interlinking of different visualization in-
stances with appropriate back-end analysis engines.

Many avenues remain open for future develop-
ment, not the least being the continued iteration
of the presented visualization approaches. Feed-
back from a variety of users across different projects
will help to generalize these initial prototypes into
more complete multi-mission visual interfaces. Ad-
ditional investigation should be conducted into MD-
Nav tasks from the mission life cycle that have not
been covered to date. Certain useful concepts from
the cases considered so far could also be applicable
to other problems; for example, the Monte Carlo
analysis tool could also be applied to trade space
exploration. As more work tasks are considered,
cross-cutting challenges can be identified and ap-
proached from a higher-level perspective. Addition-
ally, application programming interfaces should be-
gin to be formulated, enabling a standardized ap-
proach to development, more manageable infusion
into existing software suites, and long-term stability
and maintenance. Finally, the potential connections
between MDNav tasks and visualization approaches
deserves more thorough consideration; this investiga-
tion serves as a useful starting point, but as develop-
ment continues currently unknown connections may
reveal themselves.
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